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DESCRIPTION 

PHOTOTRANSISTOR 

The invention relates to a phototransistor and a method of operation of 
5 such a phototransistor. 

Phototransistors are useful for detecting optical information in general 
and low light levels in particular. 

A bipolar phototransistor is a classic example of a phototransistor that 
10 amplifies the photocurrent generated by incident light. The bipolar transistor 
has good output characteristics since, the output is a high impedance current 
source which is easy to interface. Unfortunately it is difficult to make bipolar 
transistors with good perfonmance in amorphous silicon or polysilicon which 
are suitable for so-called large area technologies, such as those used in 
15 imagers. 

Thin film phototransistors do exist and a conventional thin film 
phototransistor is illustrated in Figure 1. The structure is formed on a substrate 
2. typically glass or plastic, A gate 4 is formed over the substrate, and the 
whole surface covered in turn with a gate insulator 6 and a layer of 

20 semiconductor 8. The semiconductor 8 acts as the photosensitive layer, and 
may typically be doped amorphous silicon (a-Si;H). A source contact 10 
formed from a highly doped layer 12 and a metallic contact 14 is formed at one 
end, and a similar drain contact 16 is formed at the other end of the device 
also having a highly doped layer 12 and metallic contact 14. A protective layer 

25 18, for example of nitride, protects the structure. 

The resistance of the a-Si:H layer 8 is high in the absence of light and 
this high resistance reduces to a very low level the current passing through the 
transistor formed by source 10, gate 4 and drain 16, 

When the device is illuminated, electron-hole pairs are created in the a- 

30 Si:H layer 8 and this very significantly reduces the resistance of the transistor 
thereby increasing the current when the transistor is switched on by applying a 
suitable voltage to the gate 4. 
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However, such prior art phototransistors are not very sensitive since no 
more than one electron and one hole is created per photon. This means that 
high light levels are required. 

Thus, there is a need for an improved phototransistor capable of being 
5 Integrated into large-area and/or thin-film circuits. 

According to the invention there is provided a phototransistor, 

comprising: 

a photo-sensitive semiconductor layer; 
10 a barrier layer extending across an active region of the semiconductor 

layer under or over the photo-active layer; 

a drain region laterally spaced from the active region of the 
semiconductor layer under or over the barrier layer; 
a drain contact connected to the drain region; 
15 a source layer on the other side of the barrier layer to the photo-active 

layer; 

a gate layer on the opposite side of the photo-sensitive layer of 
semiconductor to the barrier layer and laterally overlapping the barrier layer for 
controlling the barrier height of the barrier layer to control conduction of 
20 electrons and holes between the source layer and the active region; and 

a gate insulator layer between the gate layer and the semiconductor 

layer; 

wherein the structure allows light incident on the photo-transistor to 
reach the active region to create electron hole pairs in the active region, the 

25 holes accumulating at the barrier to change the effective barrier height and 
hence the current flow between source and drain through the active region. 

In use, the photocarriers created lower the barrier height markedly 
increasing the current through the gated transistor. The transistor accordingly 
has significant gain which allows for operation in low light levels. 

30 Thus, the basic concept is to use a source gated transistor having a 

source barrier with an effective barrier height that is varied by carriers created 
in the active region. Source gated transistors are described In Shannon and 
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Gerstner, Source-Gated Thin Film Transistors, IEEE Electron Device Letters 
Vol. 24, No. 6, June 2003. These prior transistors are not photo-sensitive and 
do not make use of charge build up to change the barrier height - instead the 
barrier is controlled only by the gate in such prior devices, 
s It should be noted that this concept differs from the concept described in 

GadelRab, "The Source-Gated Amorphous Silicon Photo-Transistor", IEEE 
Electron Devices Vol. 44 No. 10 October 1997, in spite of the similar name 
adopted for the two structures by the respective authors. In the GadelRab 
paper, there is no barrier and the transistor operates in the same manner as a 

10 conventional TFT phototransistor. 

The effective barrier height to electrons may preferably be less than half 
the band gap so that the barrier height to holes is higher than that to electrons 
to retain the holes In the device. 

In embodiments, the structure according to the invention makes use of 

15 the fact that holes have a higher effective mass than electrons and so are less 
able to tunnel though the barrier into the source layer than electrons. In this 
case, electrons can flow through the circuit from source to drain while holes 
accumulate at the barrier thereby effectively lowering the barrier height. 

The device may be operated as a light detector over a predetermined 

20 frame time and with a predetermined frame gate voltage, wherein the barrier 
has a barrier height at the predetermined frame gate voltage such that the time 
constant for holes created by illumination of the active region to pass over the 
barrier towards the source layer is greater than the frarhe time but that the time 
constant for electrons to pass over the barrier from the source layer into the 

2s active region is less than the frame time. 

The device may operate in a charge storage mode in which the holes 
created by light are stored at the barrier over each frame time. 

At the end of each frame, the holes may be dispersed by providing a 
gate voltage pulse to lower the barrier height and so allow the holes to be 

30 injected into the source layer. 
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The phototransistor is particularly well suited to large area technologies 
and for Integration with thin film electronics. The phototransistor may for 
example be used in X-ray detectors, copiers and image intensifiers. 

In embodiments the source layer is of semiconductor doped to have the 
5 first conductivity type and the barrier layer is a semiconductor layer doped to 
have a second conductivity type opposite to the first conductivity type. 

To connect to the source layer whilst still allowing light to reach the 
barrier and the active region, the phototransistor may include a transparent 
source electrode connected to the source layer. 
10 In alternative embodiments, the barrier layer may be a very thin (less 

than 5nm) insulating barrier layer. The source layer may be a transparent 

source electrode. 

The semiconductor of the photoconductive layer may be non single- 
crystal semiconductor, for example doped amorphous silicon or polysilicon. 
15 In another aspect the invention relates to a method of operating the 

phototransistor described above by: 

(a) applying a positive reset pulse to the gate to allow holes 
accumulated in the photo-active layer to be injected into the source contact 
region; 

20 (b) applying a frame gate voltage to the gate during a frame period, 

the frame gate voltage allowing any electrons created by Illumination In the 
active region to pass the barrier but allow any holes created by illumination in 
the active region to accumulate in the photo-active layer at the barrier, thereby 
effectively reducing the effect of the barrier to electrons and increasing the 

25 electron current; 

(c) reading the source-drain current as a measure of the illumination. 
The method may further comprise repeating steps (a) to (c) to measure 
the illumination over a series of frame periods. 

The invention also relates to a phototransistor array comprising an array 
30 of phototransistors according to any preceding claim arranged over a single 
substrate. 

The array may further comprise thin-film electronics on the substrate. 



Embodiments of the invention will now be described, purely by way of 
example, with reference to the accompanying drawings, in which: 
Figure 1 shows a prior art phototransistor; 

Figure 2 shows a section through a first embodiment of the invention; 
Figure 3 shows band diagrams of the first embodiment of the invention 
with a first gate voltage applied; 

Figure 4 shows a band diagram of the first embodiment of the invention 

with a second gate voltage applied; 

Figure 5 shows a section through a second embodiment of the 

invention; 

Figure 6 shows a band diagram of the second embodiment of the 
invention with a first gate voltage applied; 

Figure 7 shows a band diagram of the second embodiment of the 
invention with a first gate voltage applied; and 

Figure 8 shows an array of phototransistors integrated with electronics 

on a substrate: 

It should be noted that the Figures are schematic and not to scale. In 
particular, the thickness of the layers is in many cases exaggerated. 

Referring to Figure 2, a substrate 2 is provided, of glass or plastic. A 
gate layer 4 is formed over the substrate, and the whole surface covered in 
turn with a gate insulator layer 6 of Silicon Nitride. Above this is provided a 
layer of photosensitive semiconductor 8, which in this example comprises 
amorphous silicon (a-Si:H). A drain region 20 of the photosensitive 
semiconductor layer 8 is doped strongly n-type. and a drain contact 22 
provided connecting to the drain region 20. 

A thin barrier layer 26 of heavily doped p-type material is formed over 
an active region 24 of the photosensitive semiconductor layer 8. and a source 
layer 28 doped n-type is formed over the thin barrier layer 26. A transparent 
source electrode 30 is formed to connect to the source layer 28. In this 
example, the source electrode is of indium tin oxide. 
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In the specific embodiment the semiconductor layer 8 as deposited, and 
hence in the active region 24 of the final device, is undoped or lightly doped 
and 0.25 |im thick. The p-type barrier layer 26 is doped 10^® cm"^ p* and is 
30nm thick, whereas the doping in the source region 28 is 10^^ cm'^ n*and the 

5 thickness is SOnm. 

As the skilled person will realise, these parameters can be varied 
somewhat. In particular, the thickness of the semiconductor layer can be 
adapted, for example to fit in to an existing process, and In embodiments the 
thickness may be from 0.01 ^im to 10 nm, preferably 0.1 ^m to 1 ^m. The 

10 barrier layer thickness may be, for example, in the range 10 to 100 nm, and 
the source layer thickness in the range 10 nm to 1 jxm. The doping in the p+ 
layer may be, for example, above 10^® cm'^and in the source region the n+ 
doping may be above 10^® cm"^. 

Insulator 32 is provided around the source electrode above the source 

15 layer. The insulator extends over the edges of the source layer 28 and barrier 
layer 26 and over the active region 24 of the semiconductor layer 8. The 
structure shown has a drain region 20 on both sides of the active region 24, 
but in alternative embodiments the drain region 20 may be provided on one 
side only of the active region 24. 

20 In use, as illustrated in Figure 3, a predetermined positive frame gate 

voltage, Vg, is applied to the gate 4 resulting In the band diagram of Figure 3. 
The barrier layer 26 forms a barrier to the transport of electrons and holes as 
indicated in the band diagram. 

Light incident on the phototransistor reaches the active region 24 by 

25 passing through the transparent source electrode 30 and thin source layer 28 
and barrier layer 26. In the active region, the incident light creates electron- 
hole pairs. An electron current passes from source to drain over the barrier, 
the electron carriers created in the active region 24 carrying the current in the 
active region 24 to the drain region 20. 

30 The frame gate voltage is selected so that there is a large barrier to 

electrons so maximising the background leakage current and a large potential 
well for holes. Holes 38 generated by the light drift into the barrier region 26 



where they are trapped. The effect of this accumulation of positive charge at 
the barrier is to compensate for the negatively charged ionized acceptors in 
the ban-ier layer 26 and so reduce the effective barrier height and so increase 
the current of electrons that flows between source and drain through the active 
region. Thus, the effect of a small number of electron hole pairs is to create a 
large effect on the current. Thus, the device has significant gain. 

The device operates in this charge storage mode, accumulating charge, 
for a frame period. At the end of this period the current through the device 
provides a measure of the incident illumination. To a first approximation, the 
current will be* exponentially dependent on the light intensity during the frame 
period. 

The arrangement has the considerable benefit that because the current 
is largely determined by the barrier the current is insensitive to drain voltage. 
This means that the output of the pholotransistbr is a high impedance current 
source, which makes the phototransistor easy to interface to electronic 
circuitry. 

After the frame time is over, a large positive reset voltage pulse, Vgr. is 
applied to the gate as illustrated in Figure 4 and this reduces the height of the 
barrier to a level in which the holes 38 accumulated in the barrier 26 readily 
cross the barrier into the source region 28. Thus, in the arrangement 
according to the invention it is readily possible to disperse the accumulated 
holes in a short time and reset it allowing frequent measurements to be made. 

After the reset voltage pulse, the voltage on the gate is retumed to the 
predetermined frame voltage and the next frame period starts. 

In a second embodiment, illustrated in Figures 5 to 7. the barrier is 
formed by thin insulating layer 40 formed on the active region 24 of the 
photosensitive layer 8. which in this case is of polysilicon. The thin insulating 
layer 40 is formed in an opening in insulating layer 32. A transparent metallic 
source contact layer 42 is formed over the barrier layer 40. The barrier is a 
thin layer formed in the specific example shown by oxidising the polysilicon 
layer 8 by boiling in hydrogen peroxide. Typically, the barrier will be about 
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2nm thick. As in the first embodiment, a gate 4 is separated from the active 
region by gate insulator 6. 

In use, the higher mass of holes means that they are much less likely to 
tunnel through the barrier than electrons and so the holes accumulate in the 

5 active region 24 adjacent to the insulating barrier 40. These accumulated 
holes have the effect of Increasing the electric field across the oxide thereby 
increasing the probability of electron tunneling through the thin barrier from the 
source contact 42 to semiconductor layer 8. 

Operation of the device can accordingly proceed as in the first 

10 embodiment, as illustrated in Figures 6 and 7 which show the band diagram at 
the frame gate voltage Vg (Fig. 6) and the reset gate voltage Vgr (Fig. 7). 
Increasing the positive voltage on the gate increases the electric field across 
the thin insulating film 40 and reduces the effective barrier height. 

In this embodiment, the holes 38 of electron-hole pairs created by 

15 illumination accumulate at the barrier 40, increasing the field and hence 

increasing the number of electrons that can tunnel through the insulator and so 
reduce the effective barrier height to electrons. When a large positive voltage 
is applied to the gate a large field is created (Figure 7) and holes are also able 
to tunnel through the insulator Into the source contact 40 thus resetting the 

20 device. 

As will be appreciated by the skilled person, the barrier will not 
completely prevent all holes crossing it and allow all electrons to cross it. 
However, the differential ability of electrons and holes to cross the bamer 
means that the barrier height and predetermined voltage can be selected such 
25 that the time constant for electrons to cross the barrier is less than the frame 
time whereas the time constant for holes to cross the barrier is greater than the 
frame time. In this way. holes tend to accumulate whereas electrons can pass 
the current. 

As shown in Figure 8, an array 62 of phototransistors 60 according to 
30 the invention may be provided on a substrate together with thin film electronic 
circuitry 64 connected to the phototransistors 60. The precise nature of the 
circuitry can depend on the application. 
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The phototranslstors according to the invention are particularly suitable 
for large area technologies and large area imaging devices. Applications 
include X-ray detectors, copiers and image intensifiers. 

The skilled person will realise that alternative implementations of the 
5 invention are possible. For example, any suitable semiconductor can be used 
as the active layer including non-single crystalline semiconductors of varying 
type. It is possible for the gate to be formed above the active layer, rather than 
below the active layer, and likewise the source contact 30 or source electrode 
40 can be below the source instead of above. Further insulating layers. 
!0 passivation layers and other protective layers can be provided at locations and 
using methods to suit a variety of processes, if required. 

The particular layers that are transparent can be changed if required 
and in particular a transparent substrate may be used so that Incident light can 
reach the active region through the substrate instead of requiring the top 
15 contact above the barrier to be transparent. 

The particular barrier heights and predetermined gate voltages can be 
adjusted to suit varying applications as will be appreciated by those skilled in 
the art. 



